Near-field radiative heat transfer between closely spaced graphene and amorphous SiO2 by Volokitin, A. I. & Persson, B.N.J.
RAPID COMMUNICATIONS
PHYSICAL REVIEW B 83, 241407(R) (2011)
Near-field radiative heat transfer between closely spaced graphene and amorphous SiO2
A. I. Volokitin1,2,* and B. N. J. Persson1
1Peter Gru¨nberg Institut, Forschungszentrum Ju¨lich, D-52425, Germany
2Samara State Technical University, 443100 Samara, Russia
(Received 10 February 2011; published 27 June 2011)
We study the near-field radiative energy transfer between graphene and an amorphous SiO2 substrate. In
comparison with the existing theories of near-field radiative heat transfer our theory takes into account that the
free carriers in graphene are moving relative to the substrate with a drift velocity v. In this case the heat flux
is determined by both thermal and quantum fluctuations. We find that quantum fluctuations give an important
contribution to the radiative energy transfer for low temperatures and high electric field (large drift velocities).
For nonsuspended graphene the near-field radiative energy transfer gives a significant contribution to the heat
transfer in addition to the contribution from phononic coupling. For suspended graphene (large separation) the
corresponding radiative energy transfer coefficient at a nanoscale gap is ∼3 orders of magnitude larger than
radiative heat transfer coefficient of the blackbody radiation limit.
DOI: 10.1103/PhysRevB.83.241407 PACS number(s): 73.23.−b, 44.40.+a
Transfer of energy between two surfaces separated by
a vacuum gap is a topic that has fascinated several gen-
erations of researches. If both surfaces are at rest, then at
large separation d  λT = kBT /h¯ the radiative heat transfer
is determined by the Stefan-Boltzmann law, according to
which the thermal heat transfer coefficient α = 4σT 3. In
this limiting case the heat transfer between two bodies is
determined by the propagating electromagnetic waves radiated
by the bodies and does not depend on the separation d. At
T = 300 K this law predicts the (very small) heat transfer
coefficient α ≈ 6 W m−2 K−1. However, as was first predicted
theoretically by Polder and Van Hove1 in the framework of
stochastic electrodynamics introduced by Rytov2–4 and as
was recently confirmed experimentally,5,6 at short separation
d  λT , the heat transfer may increase by many orders
of magnitude due to the evanescent electromagnetic waves;
this is often referred to as photon tunneling. Particularly
strong enhancement occurs if the surfaces of the bodies can
support localized surface modes such as surface plasmon-
polaritons, surface phonon-polaritons, or adsorbate vibrational
modes.7,8
The theory of the radiative heat transfer developed in
Ref. 1 is only valid for bodies at rest. A more general
theory of the radiative energy transfer between moving
bodies, with arbitrary relative velocities, was developed by
us in Ref. 9. According to this theory, there is transfer of
energy between moving bodies even at zero temperature
difference, and the heat is generated by the relative motion
of quantum and thermal fluctuations. It appear in its most
elementary form when the surfaces are at zero Kelvin and
the heat is generated by the relative movement of quantum
fluctuations. In this Rapid Communication this theory is
applied to calculate the radiative energy transfer between
carriers (moving with the drift velocity v) in graphene and the
substrate.
Graphene, the recently isolated single-layer carbon sheet,
consists of carbon atoms closely packed in a flat two-
dimensional crystal lattice. The unique electronic and mechan-
ical properties of graphene10,11 are being actively explored
both theoretically and experimentally because of its impor-
tance for fundamental physics and for possible technological
applications.12 In particular, a great deal of attention has been
devoted to the applications of graphene for electronics and
sensors.10,12
For nonsuspended graphene direct phononic coupling
also contributes to heat transfer.13–16 Graphene interact very
weakly with most substrates mainly via van der Waals forces.
According to theoretical calculations,14–16 the heat transfer
coefficient due to the direct phononic coupling for the interface
between graphene and a perfectly smooth (amorphous) SiO2
substrate is αph ≈ 3 × 108 W m−2 K−1, and according to
experiment17 (at room temperature), the heat transfer coeffi-
cient ranges from 8 × 107 to 1.7 × 108 W m−2 K−1 (however,
these values are probably influenced by the substrate surface
roughness).
In this Rapid Communication we investigate heat genera-
tion and dissipation due to friction produced by the interaction
between moving (drift velocity v) charge carriers in graphene
and the optical phonons in nearby amorphous SiO2 and the
acoustic phonons in graphene. Friction produces work and
thermal heating of the graphene, which results in near-field
radiative energy transfer and phononic heat transfer between
the graphene and SiO2. A self-consistent theory that describes
these phenomena was formulated by us in Ref. 18, and it allows
us to predict experimentally measurable effects. In comparison
with the existing microscopic theories of energy transfer
and transport in graphene19,20 our theory is macroscopic.
The electromagnetic interaction between graphene and a
substrate is described by the dielectric functions of the
materials, which can be accurately determined from theory and
experiment.
Consider graphene and a substrate, with flat parallel
surfaces at separation d  λT = ch¯/kBT . Assume that the
free charge carriers in graphene move with the velocity v  c
(c is the light velocity) relative to the substrate. According to
Ref. 9, the frictional stress Fx acting on the charge carriers in
graphene and the radiative energy flux Sz across the substrate
surface, both mediated by a fluctuating electromagnetic field,
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are determined by
Fx = h¯
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where ni(ω) = [exp(h¯ω/kBTi) − 1]−1 (i = g,d), Tg(d) is the
temperature of graphene (substrate), Ri is the reflection
amplitude for surface i for p-polarized electromagnetic waves,
and ω± = ω ± qxv. The reflection amplitude for graphene
(substrate) for q  √|d (ω)|ω/c is determined by21
Rg(d) = g(d) − 1
g(d) + 1 , (3)
where g(d) is the dielectric function for graphene (substrate).
In the study below we used the dielectric function of graphene,
which was calculated recently within the random-phase ap-
proximation (RPA).22,23 The different pieces of this dielectric
function on a real axis in the complex plane can be obtained
from a complex-valued function that is analytical in the upper
half-plane of the complex ω plane.18 The dielectric function of
amorphous SiO2 can be described using an oscillator model.24
According to Eqs. (1) and (2) in the case when free carriers
are moving relative to the substrate both thermal and quantum
fluctuations give contributions to the frictional stress and the
radiative energy transfer. This situation is different from that
considered in Refs. 14 and 15, where it was assumed that
the free carriers in graphene had vanishing drift velocity. The
contribution of the quantum fluctuations to the frictional stress
was investigated by us in Ref. 18. According to Eq. (2), the
contribution to the near-field energy transfer from quantum
fluctuations is determined by
Squantz = Sz(Td = Tg = 0) = −
h¯
π3
∫ ∞
0
dqy
∫ ∞
0
dqx
×
∫ qxv
0
dωωe−2qd
ImRd (ω)ImRg(ω−)
|1 − e−2qdRd (ω)Rg(ω−) |2 .
(4)
The steady-state temperature can be obtained from the
condition that the power generated by friction must be equal
to the energy transfer across the substrate surface,
Ft (Td,Tg)v = Sz(Td,Tg) + αph(Tg − Td ), (5)
where Ft is the total friction force, which is the sum of the
extrinsic friction force Fx , due to interaction with optical
phonons in SiO2, and the intrinsic friction force due interaction
with acoustic and optical phonons in graphene. The friction
force due to interaction with acoustic phonons at low velocities
is determined by Fac = neμ−1v, where μ is low-field mobility
due to scattering of the carriers against the acoustic phonons
of graphene. At room temperature μ ≈ 20 m−2 V−1 s−1.25 At
other temperatures the mobility can be obtained taking into
account that μ−1 depends approximately linearly on Tg . The
friction force acting on the charge carriers in graphene for high
electric field (large velocities) is determined by the interaction
with the optical phonons of the graphene and with the optical
phonons of the substrate. The frequency of optical phonons
in graphene is a factor 4 larger than for the optical phonon
in SiO2. Thus, one can expect that for graphene on SiO2 the
high-field friction force will be determined by excitations of
optical phonons in SiO2. The second term on the right side
of Eq. (5) takes into account the heat transfer through direct
phononic coupling; αph is the heat transfer coefficient due to
phononic coupling. Due to weakness of the van der Waals
interaction between graphene and the substrate the application
of the theory outlined above is justified for both suspended and
nonsuspended graphene.
As discussed above, for graphene on SiO2 the excess
heat generated by the current is transferred to the substrate
through the near-field radiative heat transfer and via the direct
phononic coupling (for which the heat transfer coefficient
α ≈ 108 W m−2 K−1). At small temperature differences
(T = Tg − Td  Td ), from Eq. (5) we get
T = Ft0v − Sz0
αph + S ′z0 − F ′t0v
, (6)
where Ft0 = Ft (Td,Tg = Td ), Sz0 = Sz(Td,Tg = Td ),
F ′t0 =
dFt (Td,Tg)
dTg
∣∣∣∣
Tg=Td
, S ′z0 =
dSz(Td,Tg)
dTg
∣∣∣∣
Tg=Td
.
We note that, in contrast to the heat transfer between bodies
at rest, for moving bodies the energy flux Sz(Td,Tg) is not
equal to zero even for the case when there is no temperature
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difference between the bodies. The energy transfer coefficient
is given by
α = Sz(Td,Tg) + αphT
T
≈ (αph + S
′
z0)Ft0v − Sz0F ′t0v
Ft0v − Sz0 .
(7)
For small velocities Ft0 ∼ v and Sz0 ∼ v2. Thus from Eq. (7) it
follows that in the limit v → 0 the energy transfer coefficient
between moving bodies is not reduced to the heat transfer
coefficient between bodies at rest, which is determined by
αth = αph + S ′z0. This effect is due to the term Sz0 in the
total energy flux, which exists only between moving bodies.
The energy transfer coefficient can be strongly enhanced in
comparison to the heat transfer coefficient when Ft0v ≈ Sz0.
Figure 1(a) shows the ratio of the energy transfer coefficient
to the phononic heat transfer coefficient for d = 0.35 nm
and n = 1016 m−2. For low and intermediate field this ratio
is larger than unity, which means that in this region the
near-field radiative energy transfer gives additional significant
contribution to the heat transfer due to direct phononic
coupling. For nonsuspended graphene on SiO2 the energy
transfer is very effective, and the temperature difference does
not rise high, even for such high electric field that saturation in
the I − E characteristic starts26 [see Fig. 1(b)]. The radiative
heat transfer between bodies at rest is determined only by
thermal fluctuations, in contrast to the radiative energy transfer
between moving bodies, which is determined by both thermal
and quantum fluctuations. Figure 1(c) shows that quantum
fluctuations can give significant contribution to the total energy
transfer for low temperatures and large electric field (high
drift velocity). Similarly, in the (electric current) saturation
region quantum fluctuations give significant contribution to the
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FIG. 1. (Color online) Radiative energy transfer between
graphene and SiO2 for n = 1016 m−2, d = 0.35 nm, and αph =
1.0 × 108 W m−2 K−1. (a) The dependence of the ratio between
the total energy transfer coefficient and the phononic heat transfer
coefficient on electric field. (b) Dependence of the temperature
difference between graphene and substrate on the electric field.
(c) Dependence of the ratio between the heat flux only due to quantum
fluctuations Squantz and the total energy flux on the electric field.
(d) Dependence of the ratio between the friction force only due to
quantum fluctuations F quantx and the total friction force on the electric
field.
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FIG. 2. (Color online) Radiative energy transfer between
graphene and SiO2 for n = 1012 cm−2 and αph = 0. (a) Dependence
of the energy transfer coefficient on the separation d for low electric
field (v → 0). (b) Dependence of the ratio between the energy
transfer coefficient and the heat transfer coefficient on the separation
d for low electric field (v → 0). (c) Dependence of the radiative
energy flux on electric field for d = 1.0 nm. (d) Dependence of the
temperature difference between graphene and substrate on electric
field for d = 1.0 nm.
total friction force, which is determined, as discussed above,
by the sum of the extrinsic and intrinsic friction forces [see
Fig. 1(d)]. The extrinsic friction force has contributions from
both thermal and quantum fluctuations. The friction force due
to quantum fluctuations is usually called quantum friction,
which was discussed by us recently in Ref. 18.
Figure 2(a) shows the dependence of the energy transfer
coefficient on the separation d for low electric field (v → 0). At
d ∼ 5 nm and T = 300 K the energy transfer coefficient, due
to the near-field radiative energy transfer, is ∼104 W m−2 K−1,
which is ∼3 orders of magnitude larger than the radiative heat
transfer coefficient of the blackbody radiation. In comparison,
the near-field radiative heat transfer coefficient in a SiO2-
SiO2 system for the plate-plate configuration, when extracted
from experimental data5 for the plate-sphere configuration, is
∼2230 W m−2 K−1 at an ∼30 nm gap. For this system the
radiative heat transfer coefficient depends on the separation as
1/d2. Thus α ∼ 105 W m−2 K−1 at d ∼ 5 nm, which is 1 order
of magnitude larger than for the graphene-SiO2 system in the
same configuration. However, the sphere has a characteristic
roughness of ∼40 nm, and the experiments5,6 were restricted
to separation wider than 30 nm (at smaller separation the
imperfections affect the measured heat transfer). Thus the
extreme near-field separation, with d less than approximately
10 nm, may not be accessible using a plate-sphere geometry.
A suspended graphene sheet has a roughness of ∼1 nm,27
and measurements of the thermal contact conductance can
be performed from separation larger than ∼1 nm. At such
separation one would expect the emergence of nonlocal and
nonlinear effects. This range is of great interest for the design of
nanoscale devices, as modern nanostructures are considerably
smaller than 10 nm and are separated in some cases by only a
few Angstroms.
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Figure 2(b) shows that at small separation there is signif-
icant difference between the radiative energy transfer coef-
ficient and the radiative heat transfer coefficient determined
(in absence of direct phononic coupling) by α0 = S ′z0. This
difference vanishes for large separation because Sz0 and
Fx0 rapidly decrease when separation increases. At large
separation the friction force is dominated by the intrinsic
friction and in this case α ≈ α0. Figure 2(c) shows the
dependence of the radiative energy flux on electric field
for d = 1 nm. For this separation the energy transfer is
considerably less effective than for d = 0.35 nm, which
leads to a rapid increase of the temperature difference [see
Fig. 2(d)]. High temperatures are achieved at low electric
field (small drift velocities) when the contribution to the
radiative energy transfer from quantum fluctuations is very
small and the energy transfer is mainly determined by thermal
fluctuations.
In conclusion, we have used theories of the van der Waals
friction and the near-field radiative energy transfer to study heat
generation and dissipation in graphene due to the interaction
with phonon-polaritons in the (amorphous) SiO2 substrate
and acoustic phonons in graphene. For the low-field energy
transfer between nonsuspended graphene and the substrate,
radiative energy transfer gives a significant contribution in
addition to the phononic heat transfer. High-field heat transfer
is determined by the phononic mechanism. For high electric
field (large drift velocities) and low temperatures quantum
fluctuations give an important contribution to the energy
flux and the friction force. For suspended graphene the
energy transfer coefficient at a nanoscale gap is ∼3 orders
of magnitude larger than the radiative heat transfer coefficient
of the blackbody radiation limit. We have pointed out that
graphene can be used to study near-field radiative heat transfer
in the plate-plate configuration and for shorter separations than
is possible now in the plate-sphere configuration.
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